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ABSTRACT
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Thermal conductivity data were measured from 100° to 1000°C

and were calculated from thermal diffusivity, specific heat and den-

sity data from 1000° to 2000°C for compositional and microstructural
variations of ZrBp and HfBj with SiC and/or C additives varying in
‘total content from 20 to 34 volume percent. All compositions dis-
played a negative temperature dependence with values of the order of
0.20 and 0.10 cal. cm/cmzsec OC at room temperature and 2000°C,
respectively. The specific heat data were obtained from drop calor-
imetry methods for selected compositions and by calculations from
constituent values for other compositions.

Linear expansmn data were obtained from room temperature to
2000°C by gdirect-view and differential dilatometry for compositions
of ZrBy with SiC and/or C additives. Average CTE values are of the
order of 7.0 x 10-6 in/in/°C. Density data at room temperature showed
the effects of SiC and C; the additions produce a significant reduction in
the density of HfB2 from 11 to 8 grams/cc.

Electrical resistivity data were obtained from room temperature
to 1000°C; all compositions displayed positive temperature coefficients.
Room temperature values of the order of 10 to 15uQ2cm were measured ;
for all compositions.

s et % e - s At e v -

Total normal emittance data were measured from 1600° to 2300°C
for unoxidized diboride compositions.

This abstract is subject to special export controls and each
transmittal to foreign governments or foreign nationals may
be made only with prior approval of the Air Force Materials
Laboratory (MAMC), Wright-Patterson Air Force Base, Ohio
45433,
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I INTRODUCTION AND SUMMARY

A. Introduction

The diborides of zirconium and hafnium are the outstanding
candidates among high melting intermetallic compounds, graphite compos-
ites, oxides, and coated refractory metals for applications which require
thermochemical stability and oxidation resistance at elevated temperatures,
Earlier studies of diboride compounds provided a good working description
of the chemical, physical and thermodynamic propertieg, relevant to material
response to high temperature oxidizing environments (1 ,2). Subsequently,
extensive data derived from cold gas/hot sample furnace oxidation tests of
polycrystalline composites containing ZrBz or HfB, with various additives
designed to impart improved oxidation characterist%ca without sacrificing
high temperature stability identified the SiC addition as the most beneficial
composition (3). This study also generated mechanical property data for
well characterized ZrB, and HfB., and diboride material response charac-
teristics to hot gas/col&wall, ar% plasma tests. The results of transverse
bend tests showed that strength levels of 40,000 to 60,000 psi were attainable
for fine grained high density Zr3, and H{B, over the range from room
temperature to 1200 C in inert atmospheres. Results of limited arc plasma
testing suggested favorable thermal stress and oxidation resistance. Thermal
condvctivity data for ZrB, and HfBz showedgositive temperature coeffgcients
with values of 0.09 and 0.205 cal cmi/cmésec®C for dense ZrB., at 1000° and
1700°C respectively (2). Linear expansion data for ZrB,, and Bz provided
CTE values of 7.0 t0 8.0 x 10-6 °C-1, Electrical resistzwity measurements
to 1400°C demonstrated that dense ZrB2 and HfB, have room temperature
resistivities of the order of 4 to 10 pQcr with po%itive temperature co-
efficients of resistance.

The present investigation was undertaken to prepare a number
of diboride materials containing either ZrB, or HfBz as the principal compo-
nent with selected additives designed to enh%nce one or more of the following:
oxidation resistance, mechanical properties, and thermal stress resistance.
Diboride materials, including ZrB, and HfB., with no additive, were fabricated
with microstructural variations of ‘grain size and porosity, principally by
conventional hot pressing procedures which are guitable for the production
of components such as nose caps, leading edges, vanes and similar objects
anticipated for use in high velocity flight or reentry conditions.

The program was broadly divided into three phases: (1)
composition and microstructure screening, (2) extensive properties testing,
and (3) simulated application evaluations and verification of properties in
scaled-up fabrication. In Phase One, oxidation, mechanical, and thermal
screening tests of a wide range of compositions and microstructures were
used to select a limited number of materials for further study. In Phase
Two, the selected compositions and microstructures were fully characterized
over a wide temperature range in terms of oxidation resistance, strength,
elastic modulus, linear expansion, thermal conductivity, and steady state
thermal stress resistance. Finally, in Phase Three, properties were re-
determined for materials prepared in scaled-up billet sizes, and several
application oriented evaluations including a test of a leading edge configuration
subjected to simulated hypersonic flight heating were performed.

%
The underscored numbers in parenthesis refer to references which are
listed at the end of this report,
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B, Summa_). LTy

The program progress during the first eighteen months,
Part I, was primarily comprised of Phase One processing studies and
thermal, oxidation and mechanical screening evaluations performed on
samples obtained from hot pressed billets, 2 inch in diameter by 0.7 inch
high. Data and results obtained in Part I were presented in a technical
report (4).

‘Thermal, physical, electrical and optical property data
were obtained in Part II for selected compositional and microstructural
variations of ZrB., and HfB., with additions of SiC and/or C. Data were
obtained for the fc?llowmg sfructures: Material I, ZrB with no additive,
fully dense and 90 per cent dense; Material III(5), HfB with 5 volume per
cent SiC, fully dense, Materials III and IV, HfB, with %0 and 30 volume

'per cent SiC respectively, both fully dense; Mat€rial V, ZrB, with 20
volume per cent SiC, fully dense and 90 per cent dense; Matetial VIII, ZrBz
with 14 and 30 volume per cent SiC and C, respectively, fully dense; VIII
(18,10), ZrB, with 18 and 10 volume per cent SiC and C, respectively,
fully dense; I&atenal X1I1(20), ZrB., with 20 volume per cent C, 95 to 100
per cent dense; Material XIV (18, 16), HfB, with 18 and 10 volume per cent
SiC and C, respectively, fully dense; and %\Aatenal XVv{(20), HfB, with 20
volume per cent C, fully dense. The majority of the data were Obtained
from 3 inch diameter by 1l inch high hot pressed billets; specimens were
aleo obtained from hot pressed billets 6 inch square by 1 to 2 inch high.
The former billets were prepared in the Phase Two processing study;
the latter billets, in the Phase Three scaled-up processing.

Thermal conductivity was measured from 100° to 1000°C
using the cut-bar method; all data showed a slight negative temperature
dependence. The magnitude of the dependence varied with compositior
and porosity. The thermal conductivity of dense Materials I, V and VIII
(18,10) and 95 per cent dense XII(20) at 100°C are 0. 199, 0. 236 0.275,
and 0. 204 cal cm/cm2sec®C, respectively; the values at 1000°C are 0. 192
0.187, 0.176 and 0.153 cal cm/cmzsec C respectively for the same structures.

Thermal diffusivity was measured from 1000° to 2000°C using
the flash-laser technique; all data showed a slight negative temperature de-
pendence. The thermal diffusivity of dense Materials I, V and VIII(18, 10)
and295 per cent dense XI1I(20) at 1000°C are 0.205, 0. 213 0.190 and 0.179

/sec respectively; the values at 2000”C, 0. 178 0. 163 0.143 and 0. 145
cm? sec, respectively for the same structures,

Drop calorimetry was employed to measure relative enthalpy,
H,., - H,o~, for four compositional variations of ZrB,, SiC and Cover the
range 100 ° to 2000°C. The enthalpy data were usedzto obtain specific heat
and relative entropy data (S -S,0~) over the same range. Specific heats
calculated from composition ang t%e component specific heat data compared
favorably with the measured specific heats.

* Thermal conductivity over the range 1000° to 2000°C was
calculated from the diffusivity, specific heat and density data. The calculated
data for 1000 C are in satisfactory agreement with the measured data obtained
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bty the cut-bar method. The slight negative temperature dependence ob-
served between 100° and 1000°C persisted through 2000°C.

Linear expansion data were obtained for selected structures;
both direct-view and differential dilagometry were employed to obtain
data from room temperature to 2000 C. No major variation in expansion
characteristiss were observed for the atructurgs examined; average CTE
values for 20° to 1000°C were 6.5 to 7.5 x 10~ in/in/oC.

Density data for the compositional variations of ZrB, and
HfB, with SiC and C show the expected trends. The room temperature
values for fully dense ZrB., compnsitiona of Materials I, V,VII(18,10)
and XII(20) are 5.9 to 6.1,”5.5, 5.3 and 5.4 grams/cc, respectively. A
larger reduction in density is effected by SiC and C in HfB,, compositions.
The room temperature values for dense Material II, III, IV, XIV(18,10)
and XV(20) are 10.9to 11.2, 9.2, 8.4, 8.7 and 9.0, respectively.

Electrical resistivity data were obtained from room termnperature
to 1000°C. Positive temperature coefficients were obaerved for all atructures
examined. Room temperature values for dense Materials I, V and VIII(18, 10)
and 95 per cent dense XII(20) are 12.1, 10,2, 14,6 and 13.6 pfic respectively;
the values at 1000°C are 44.0, 54.5, 68.5 and 58.7 pflcm, respectively, for
the same structures.

° o Total normal emittance data were measured over the range
1600~ to 2300 C for unoxidized surfaces of Material I, V, VIII, XIi(20)
and Iél. Values of 0.62 and 0,70 were obtained for Material I and V at
16060°C; 0.86 and 0.92 at 1700°C for Materials VIII and X1i(20). All data
show a gradual decrease with increase in temperature,

(53]
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II. MATERIAL IDENTIFICATION AND
STRUCTURE CHARACTERIZATION

Diboride materials in this program include ZrB, or HfB, with no
intentional addilive and several composite materials basged on ei%her ZrBz
or HfB, with one or more additives designed to impart improvement in
strength or oxidation resistance or thermal stress resistance or any
combination of these properties. The phase conatitution and base composition
of all the materials considered for this program are identified by a Roman
numeral designation as shown in Table 1.

The billet identification system extends the above designation to
include the pressing number and the size of the billet. Reinforcing agents
such as W filament, Thornel  yarn and SiC fibers are also identified by an
extension of the original designation. Several billet designations are ex-
plained in Appendix I to familiarize the reader with this system. Compositional
variations within a given identified material were also examined; repre-
sentative designations for such variations are also provided in Appendix I.
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11, THERMAL PROPERTIES

A. Introduction

Thermal property data required for thermal stress analyses
and design considerations were obtained in the Phase Two property measure-~
ments., Thermal conductivity data were obtained from comparative cut-
bar measurements performed in argon over the range 100° to 1000°C for
twelve diboride structures consisting of compositional and microsiructural
variations of ZrB, or HfB, with SiC and/or C additives. Thermal dif- .
fusivity data were obta.inec% from measurements employing the '"'flash-laser"
technique in argon over the range 1000° to 2000°C for ten diboride structurzs,
In order to provide a comparison of the conductivity and diffusivity data,
drop calorimetry measurements were obtained for the four principal compo-
sitional variations of ZrB2, SiC and C to provide enthalpy data over the range
1000° to 2000°C. The enthalpy data were employed to calculate specific
heat and entropy values over the same temperature rrange., Thermal con-
ductivity data calculated for the 1006° to 2000°C range for the four principal
conupositional variations from the specific heat, the thermal diffusivity and
independently measured density (at temperature) were compared with the
measured data over the range 100° to 1000°cC.

The thermal conductivity measurements in the 100° to 1000°C
range were performed at Dynatech Corporation, Measurements Labocratory
under the direction of Mr. Ronald P. Tye., The thermal diffusivity and the
drop calorimetry measurements and the calculations of specific heat, entropy
and thermal conductivity were performed at Battelle Memorial Institute,
Thermophysical Propertiegs Division under the supervision of Mr, Kenneth
E, Wilkes.,

B. Measurement Technigques

1, Thermal Conductivity (100° to 1000°C)

The thermal conductivity specimens were in the form
of cylinders approximately 0.875 inch diameter and 0,900 inch long with two
small holes 0,065 inch diameter drilled half-way througb the specimen and
centered 0, 650 inch apart.

The thermal conductivity measurements were under-
taken in an argon atmosphere employing the comparative cut-bar technique
shown schematically in Figure 1. Fine guage platinum-10 percent rhodium/
platinum thermocouples in twin bore alumina insulation and protected by a
closed end stainless steel hypodermic tubing were forced into the holes in
the specimen as a tight fit. The specimen was then sandwiched between two
similar samples of Armco iron of known thermal conductivity which were
similarly instrumented. To minimize contact resistances at the interfaces
each surface was prepared to as good a surface finish as possible, Plati-
num or silvermetal foils could not be used at the interfaces since contamina-
tion of the sample would occur at the higher temperature. The specimen
assembly wasplaced between an upper heater and a lower heat sink con-
sisting of a heater and a fluid cooled base and a reproducible load in excess

5




of 50 psi applied to the stack to help reduce contact resistance. A guard
tube with thermocouple instrumentation along its length which could be
heated at several positions along its length was placed around the system
and the whole of the interspace and surroundings filled with a good heat
insulating powder,

By means of suitable adjustments to the power in
the various heaters a steady axial temperature gradient distribution was
maintained in the system and undue radial loss was prevented by keeping
the guard tube gradient matched closely to that in the sample stack.

At equilibrium conditions the temperature at vari-
ous points in the specimen and guard were evaluated from thermocouple
readings and the heat flow derived in terms of that flowing through each
reference specimen. The thermal conductivity was evaluated from the
above quantities and the dimensions of the sample as

1
K= gop—— [ (AT + (KAT
Sample Lo )TOP standardt T pottom Standard]

The K value for the standard is the thermal conductivity at the mean
measuring temperature obtained from calibration curves.

The errors in the measurements and procedure
are estimated to provide thermal conductivity data accurate to +5 percent,

2. Thermal Diffusivity (1000° to 2000°C)

The thermal diffusivity specimens were in the
form of right circular cylindrical discs, 0,500 inch diameter by 0,100
inch high with ends flat and parallel to +0.001 inch.

Thermal diffusivity measuremens were made by
the ""flash-laser' technique, The thin disk-shaped specimen was posi-
tioned in an isothermal zone of a furnace and the front face was ir-
radiated by a short-duration laser pulse. As the heat pulse traveled
through the specimen the back-face temperature rise was recorded as
a function of time. This temperature-time history of the back face is
directly related to the thermal diffusivity of the specimen as

0.139 L2

a:-r———
1/2

where @ = thermal diffusivity, L = specimen thickness and t; /2 =time re-
quired for back face of specimen to reach one-half its maximum tempera-
ture rise,

This relationship involves several simplifying
assumptions:




(1) ‘The heat flow is one-dimensional from
the front face directly to the back face.

(2) The incident heat pulse is of negligible
duration compared to the time required for significant heat propa-
gation through the specimen,

(3) The incident heat pulse is uniformly
absorbed on the front face of an opaque apecimen.

(4) Heat losses off the faces are negligible,

(5) The temperature rise within the speci-
men is small enough to consider the thermal properties as constant,

In the present case, all assumptions except that
of negligible heat losses are valid, Battelle has studied the effect of
radiation losses on the measured thermal diffusivity and can apply appro-
priate adjustments on a routine basis. The maximum adjustments ranged
from 2 percent at 1000°C to 8 percent at 2000°C,

A photograph of the Battellie-Cilumbus thermal-
diffusivity apparatus is provided in Figure 2 a section drawing showing
some internal details in Figure 3,

The specimen and heater were protected by an
atmosphere of argon at about 3/8 atmosphere pressure, The specimens
were held in a boron nitride holder inside a double-walled tantalum tube
heater. Specimen temperatures were measured using a calibrated opti-
cal pyrometer. Thermal-radiation shielding surrounded the heater.

The radiation detector is positioned to view the back
face of the specimen as shown in Figure 3. A lead sulfide cell is used as
the radiation detector, The radiation detector is placed in one arm of a
bridge circuit, the unbalance of which is shown on an oscilloscope and
photographed by a camera. The time required for the back-face tempera-
ture to reach one-half of its maximum is obtained from measurements of
the photograph., This time and the specimen thickness are used to calcu-
late thermal diffusivity using Eq. 2.

The error of thermal-diffusivity values measured
by the method described is estima.ted not to exceed +5 percent below
1800°C and +8 percent above 1800°C. These estimafes are based on a
weighted average of standard materials over a wide temperature range.
Both the directly determined diffusivity and derived thermal conductivity
have been compared to accepted literature values to arrive at these esti-
mates,

3. Drop Calorimetry (1000° to 2000°C)

Specific heat data were determined from
data measured in a Bunsen ice calorimeter, A photograph of the




apparatus and a sketch of the calorimeter well are provided in Figures
4 and 5, respectively. The specimens were in the form of right circu-
lar rods 0.50 inch diameter by 2. 00 inch long.

In the Bunsen ice calorimeter, heat given up by
the specimen and capsule melts ice which is in equilibrium with water
in the closed calorimeter well, As the icemelts to water there is a
reduction in volume, Mercury entering the system from an external
accounting system to make up the volume change is accurately weighed.
Both Battelle-Columbus and the National Bureau of Standards have
measured the ice-calorimeter heat-quantity versus mercury-weight
constant to be 270, 48 joules per gram. This is the constant of the
measuring method and should not vary among Bunsen ice calorimeters.
This value is a function of the volume change of ice melting to water and
the heat of fusion involved in the change of state, All heat transfer is
measured at the ice point as ice melts to watcr; temperatures are not
measured in the calorimeter.

The specimens were encapsulated in graphite and
were heated unde: a vacuum of approximately 5 x 105 mm Hg in a tan-
talum tube furnace above the calorimeter well. The specimen was then
dropped into the well and allowed to cool. Separate runs with an empty
capsule of the same material and surface emittance conditions as the
specimen capsule determined the contribution of heat of the specimen by
difference. The process was repeated through the temperature range of
interest to establish an enthalpy-versus-temperature curve. Specific
heat, entropy, and other parameters of interest were obtained with a
digital computer using enthalpy and temperature data as input,

Specimen temperatures were measured by an
optical pyrometer which can view the capsule. Calibration of the
apparatus is checked frequently with National Bureau of Standards
Al03 as the specimen standard. Measured enthalpies agree routinely
with gl'BS values for this standard to within 1 percent.

The nominal uncertainty in the specific heat
values computed in the above manner is approximately +2 percent.

C. Results and Discussion

1. Thermal Conductivity (100° to 1000°C)

Thermal conductivity data for twelve composi-
tional and microstructural variations of ZrB, or HfB, with SiC and/or
C additives are provided in Table 2,

The magnitude of the conductivity is higher than
anticipated from earlier data (2) obtained using the method developed
by M. Hoch {5) at the University of Cincinnati. However, other data
for TiB, (6) show the same order of magnitude and the same tempera-
ture dependence as were obtained in this program.




The presence of SiC and C appear to increase the
negative slope of the variation of thermal conductivity with temperature.
Porosity should decrease thermal conductivity, however, the available
data are not sufficient to confirm this trend. The high room temperature
conductivity for 90 percent dense, I07F D0905K could be a consequence
of the high ZrO, content of the I07F, ZrB, material.

2, Thermal Diffusivity (1000° to 2000°C)

The results of the thermal-diffusivity measurements
for ten diboride structures are shown in Table 3 and Figures 6 through 15.
Smooth curves were drawn through the data points., Agreement between
heating and cooling data is good except for specime ns IVOSF D0811K and
VO7F D0851K where the cooling data are about 5 and 10 percent higher
than the heating data. Most of the specimens containing carbon and
silicon carbide changed from a dark grey color to a metallic luster fol-
lowing exposure to high temperatures. In most cases this would appear
to be due to loss of carbon or silicon carbide from the surfaces of the
specimen, The dimensional and weight change data both before and after
the thermal diffusivity measurements in Table 4 show approximately 0.4
percent weight loss for these two specimens and considerably less varia-
tion for the remaining specimens.

A tungsten-rhenium thermocouple was used to
measure the temperature of specimen VO7F D0902K. However, a
reaction between the thermocouple and specimen led to the use of an
optical pyrometer for temperature measurements on the other nine
specimens. The good agreement between heating and cooling data for
this specimen makes it difficult to determine if the reaction affected
the measured thermal diffusivity.

The data for all the structures show the dif-
fusivity decreasing with increasing temperature.

3. Enthalpy, Specific Heat and Entropy Data (1000°
o 20005

The drop calorimetric measurements produce
enthalpy values relative to 0°C, Hy-Hyoc and analogous entropy values,
St -Sgoc; absolute specific Leat data, T are, however, obtained,

The enthalpy, specific heat and entropy data
for Materials I, V, VIII(18,10) and XII(20) are provided in Tables 5
through 8 for 100° increments between 1000° and 2000°C, The specific
heat data are also provided in graphical form in Figures 16 through 19,

4, Calculated Thermal Conductivity glooo° to ZOOOOC)

The thermal diffusivity, specific heat and density
data for Materials I, V, VIII(18, 10) and XII(20) in the temperature range
1000° to 2000°C were employed in Eq. 3 to calculate thermal conductivity.




K = acC,d (3)

The density at temperature was obtained from the room temperature value
and the appropriate expansion data in Figures 33 through 41 by assuming
igsotropic expansion. The calculated conductivities obtained in this way are
considered accurate to +8 percent; the results are provided in Table 9 and
presented graphically along with the thermal conductivity data measured
over the range 100° to 1000°C in Figures 20 through 23, The agreement at

1000°C is considered satisfacotry.

Specific heat data calculated for the compositions of
Materials I, V, VIII(18,10) and XII(20) using literature data for SiC (7),
graphite (7), ZrB; (1) and HfB; (1) are provided in Table 10 and com-
pared therein with the experimental heat capacity data. The agreement
is satisfactory. Hence, diffusivity data for dense Materials III(5), IV,
Vi, X1v(18,10) and XV(20) and 88.5 percent dense Material V were em-
ployed with density and expansion results to provide reliable calculated
thermal conductivity data to 2000°C which are provided in graphical form
with the available thermal conductivity values measured over the range
100° to 1000°C in Figures 24 through 29.




Iv, PHYSICAL PROPERTIES

A, Introduction

Linear expansion is the chief physical property coneidered
for this program. Data were obtained in argor from room tempervature
to 2000°C; measurements were performed at ManLabs and at Battelle
Memorial Institute. Density data were obtained for hot pressed billets
by immersion methods at Avco Corp. as part of the fabrication effort

(8).

The expansion data are required as input for thermal
stress test data interpretation and for thermal stress calculations and
analyses (10). Expansion data are also employed with room tempera-
ture densify to calculate density at temperature which is required for
thermal conductivity calculations based on measured thermal diffusivity
data as illustrated in Section IOI-C,

Earlier expansion data and the results of X-ray and linear
thermal expansion measurements for several diborides including ZrB
and Hm are provided in a previous report (2); more recent results for
ZrB HfBz and for mixtures of these diborides with several rare
eart a.nd alkaline earth hexaborides were obtained in a refractory coating
development program for graphite substrates (11).

B. Measurement Techniﬂ_gg
1, Direct View-Dilatometer

Linear thermal expansion measurements at Battelle
were performed in a direct view dilatometer as illustrated in Figures 30
and 31. In this method, two telemicroscopes fitted with optical extenders
are used to view suitable fiducial marks on the specimen. The distance
between fiducial marks is approximately 2. 75 inches. The telemicro-
scopes are fitted with filar eyepieces in which each division of the filar
equals about 0,00002 inch, Provision is made to view the fiducial marks
at temperatures below which they become self-luminous by providing il-
luminated backgrounds.

Heating and cooling rates of the specimens (0,25
inch by 0.25 inch by 2.0 to 3.0 inch long) are controlled by a tantalum
res1stance furnace, which heats the specimens at a rate of approximately
5° to 8°C perminute. The specimens were held for approximately one
half hour at temperature prior to each length measurement. All measure-
ments were made in argon at 0.5 atmosphere pressure.

Errors in this apparatus are determined by the
measurement of standard materials of known linear thermal expansaion,
supplied by the National Bureau of Standards. Errors associated with
the reported data are +1 percent of the total expansion.

11




2. Diffcrential Dilatometer

Linear expansion measurements at ManLabs were
performed ir a differential dilatometer as illustrated in the schematic
cross sectional view in Figure 32, This apparatus was modeled after
the high temperature graphite dilatometer described by Criscione, et

al, (11). The ManLabs dilatometer shown schematically in Figure 32

was Iabricated from AUC graphite supplied by the National Carbon
Company; the AGW graphite originally used by Criscione et al, was

not available from National Carbon. The dilatometer assembly was
heated in flowing argon by radiation from a resistance heated 0.75

inch i.d. by 15 inch long grayhite tube furnace. Thermocouples located
on the surface of the dila.tometer ag shown in Figure 32 provided temper-
ature measurements up to 1206°C; a two color pyrometer was used for
the higher temperature measurements, The latter were performed
directly on the specimen by sighting through the hole in the bottom of

the dilatometer. The apparatus was calibrated against tungsten (12),

quartz (12) and alwniaum oxide (13).
C. Results
1. Direct-View Dilatometer Data

The rmeasured linear expansion versus temperature
data for Bpecunens of Materials I05 R44L, VO7F R26L, VIII(18,10)07F
D0920K and XII{(20)07F DO812K are provided in Figures 33 through 36,
respectively, Interpolated values obtained from these curves are 1isted

in Table 11.°

The slight disagreement between heat and cooling
data for Material VO7F R26L apparently represents a real change in the
material resulting from the thermal cycle. Pre- and post-measurement

“length dimension measurements confirmed this change. This behavior was
not observed for Material V similarly heated in the expansion measure-
ments obtained at ManLabs which were described in the previous section.

2. Differential Dilatometer Data

The mecasured linear expansion versus temperature
data for specim:ns of Materials IOTF DO700K, VO7F D706K, VO7F DO0845K,
VIIIO7F LO761K, XIIO7F DO809K and IVO9F D0804 K are provided in
Figures 37 through 42, respectively,

3. Summazry of Expansion Data

The coefficients of thermal expansion calculated from
both direct-view and differential dilatometric data for selected temperature
increments for all the diboride materials are provided in Table 12, Some
of the earlier reported data are also listed for comparison., The overall

agreement is satisfactory,

12
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4, Density Data

Room temperature density data for selected composi-
tions of ZrBj or HfB) with and without SiC and C additives are presented
in Table 13, These data are representative of hot pressed billets with
less than one percent porosity for the indicated compositions.

13




V. ELECTRICAL PROPERTIES

A, Introduction

Electrical resistivity measurements were performed at
Dynatech Cerporation over the range from room temperature to 1000°C
to provide data to complement the thermal conductivity obtained in the
same temperature range. Previous resistivity data dense specimers of
ZrB3 and HfB2 showed room temperature values between 4 and 10p2 cm
and positive temperature coefficients (2, 3). Electrical resistivity data
were not available fur the SiC and C bearing compositions; the excellent
oxidation resistance of these materials (14) suggests potential applica-
tion as a high temperature conductor suitable for oxidizing and otherwise
corrosive atmospheres. The availability of high temperature electrically
conductive materials was reviewed and summarired in a separate study

(15).

B. Measurement Techniques

: The specimens for the elec’rical resistivity measurements
were in the form of 0.250 inch square rods some 2,00 inch long with two
small holes (0,031 inch diameter) drilled 1,250 inches apart in the central
section,

The current electrodes were fitted to each end of the bar
and a fine guage chromel/alumnel thermocouple fitted tightly into each hole,
The sample was then placed on knife edges a given distance apart. A
steady current was passed through the rod and the potential difference
across the knife edges and each pair of '"like'' thermocouple arms were measured
in addition to that across a standard calibrated resistance in series with
the test sample. The current was reversed and the potential differences
measured again in order tc eliminate thermal voltages. The sample
was then taken off the knife edges and placed at the central section of a
uniform wire wound resistance furnace and heated in argon at a very slow
uniform rate to any given fixed temperaturc and the measurements re-
peated on heating to 1000°C and on cooling back to 20°C.

The electrical resistivity was derived in terms of the ratio
of the measured potential differences, the standard resistance and the
dimensions of the sample.

C. Results

The electrical resistivity data for twelve compositional
variations of ZrB, or HfB; with SiC and/or C from 20° to 1000°C in
100°C increments are provided in Table 14, All material compositions
show positive temperature coefficients of resistance. The effects of
porosity are marked by the presence of ZrO; in the 90 percent dense
I07F R382 relative to fully dense 105 R441. which has a low oxide content.
The effect of porosity is evident for 88,5 percent dense VO7F D0851K with
p 20°g] = 15,5uf¢m compared to 99 percent dense VO7F D0902K with
p[20° =10,2pflcm, Variation of relative density and composition can
produce a limited range resistivity versus temperature profiles.

14
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VI, OPTICAL PROPERTIES

A, .Iﬁtroduction

Total normal emittance measurements were performed
at Avco, Applied Technology Division for selected unoxidized diboride
compositions, The data were generally obtained between 1600~ and
2200°C, Considerable emittance data for diborides and other high
temperature materials were generated in a separate program (16);
the data obtained in the latter program refers to oxidized surfaces,
Emittance data are employed in high temperature optical pyrometry
and in thermal stress calculations (10).

B. Measurement TechnigLues

The method of measurement follows directly from the
definition of emittance for an opaque solid which is the ratio of the
radiation from an area of its surface to that of the same area of a
blackbody radiator at the same absolute temperature, The radiation
emitted by the specimen surface is measured directly using a Barnes
bolometer system calibrated against both radiation and absolute
temperature using a blackbody source., The blackbody radiation is
measured indirectly. The temperature of the sample is measured with
an optical pyrometer sighted into a blackbody cavity in the center of the
specimen, The blackbody radiation is then calculated from the Stefan-
Boltzmann law. The ratio of the measuredtotal radiation, to the calcu-
lated blackbody radiation is the total normal emittance of the surface,

Bl 3

The sample is heated by RF induction using a Lepel
generator. The induction source and sample holding mechanrism con-
sists of several concentric units as illustrated in Figure 43, The
induction coil of the RF generator is wrapped around a pyrex chamber
which allows measurements in controlled atmospheres. A fused silica
window is located at the end of the chamber to permit radiation mecasure-
ments, A water cooled RF concentrator patterned after Blau (}7) is
positioned within, The cylindrical concentrator is open at cne énd; 2
plate with a hole in the center covers the other end. A slot-hole geometry
serves to increase the current density induced in the sample's froat surface.
The specimen is mounted in a zirconia rod at the center of the hole in the
concentrator,

BT

The specimen is a small disc 5/16 inch diameter and 1/8
inch thick with a stem attached to permit mounting in a hollow zirconia
rod as shown in Figure 44, The specimen is mounted in ithe concentrator S
so that the disc is in the main RF field and the stem is heated by conduc-
tion only. A blackbody cavity 0,020 inch in diameter and 0.080 inch deep
is drilled into the center of the front surface of the disc, Because of its :
depth to diameter ratio and wall roughness, 8such a cavity has been found - - -
to be an effective blackbody (18). The occurrence of a difference in
temperature between the specimen surface and the walls of the cavity was
considered as a possible source of error by DeVose (19) and Marple (20).

A Both studies eliminated this as a major source of error. -

15




Radiation measurements are made with a Barnes detector-
preamplifier system. The detcctor is a Barnes low impedence high sen-
sitivity stem bolcmeter. The pre-amplifier is a Barnes DP-7 having a
voltage gain of 15,000, It has been designed to operate with Johnson
nois¢-limited transducers and thus the maximum use is obtained with a
Pyro optical pyrometer which has been calibrated for the expected
temperature range. The temperature of sach small targets as the
blackbody hole in the specimens can be measured with ease with the
telescopic optical system.

C. Results

Total normal em:.ttance data. for Materials I, V, VIII,
XII(20) and I in the range 1600° to 2300°C are provided in Figures
45 through 49, respectively.

Considerable vaporization was observed upon heating
the Material I specimen., Dunng the first two heating cycles, to
temperatures above 2000°C, 23 mg was lost during each run; the
original specimen weight was 1,810 grams, In the final two runs, the
temperature was maintained below 2000°C and no weight loss nor other
signs of vaporization was detected. The vaporization caused pitting of
the surface which may have affected the emittance values presented in
Figure 45, Results of the initial heating cycle were disregarded due to
difficulties experienced in focusing on the blackbody hole. At the sixth
data point (2070°C) the hole became clear and no further difficulties were
experienced. The problem may have been caused by foreign matter
{machine oil, etc.) trapped in the small hole; a preheat cycle at low
temperatures was incorporated in the procedure for the remaining
measurements,

6 The Material V specunen was ueated in vacuum (5 x
107 torr) three times, once to 1865°C and twice to above 2100°C,
without signs of vaporization. Data were obtained during the three
temperature increases and during one cooling cycle. Specimens of
Materials VIII, XII(20) and III were tested in the same manner; no
experimental difficulties were encountered. All data show the same
general trend of a somewhat gradual decrease in emittance with in-
creasing temperature over the range studied. The compositions con-
taining SiC and/or carbon displayed significantly higher emittance
values than Material I (ZrB, with no additive) at all temperatures,
This effect is most striking at 1600°C,

Results of emittance measurements in oxidizing
atm ospheres (16) provide values of 0. 6 independent of temperature
in the range studied in the present program,




Vi, CONCLUSIONS

1. Hot pressed diboride compositions containing ZrB, or HIB
as the principal component with up to 20 to 34 volume pexrcent %ota.l addi-
tion of SiC and/or C possess high th%rmal conductivities at room tempera-
ture of the order of 0.20 c%l. cm/cmésec®C, The componitiozéu also
display high values at 2000°C of the order of 0,10 cal. cm/cm“sec®C.

2. Measured thermal diffusivity data in the range 1000° to
29009C combined with measured or calculated spscific heat values and
room temperature density data corrected for expansion can bs employed
to calculate thermal condudtivity of the diboride compositions.

3. The diboride compositions displayed metallic like electrical
resistivity at room temperature and positive temperature coefficients.
Variations of composition and porosity can be used to produce materials
with varying room temperature resistivities and temperature coefficients,

4. The total normal emittance of the unoxidized diboride com-
positions are higher than observed for the oxidized materials which show

values of 0. 60.
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HIGH-TEMPERATURE DILATOMETER AS USED FOR
DIRECT-VIEW EXPANSION MEASUREMENTS

Figure 31. Section Drawing of Direct - View Dilatometer.
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TABLE 1

DIBORIDE MATERIAL IDENTIFICATION: PHASE CONSTITUTION
AND BASE COMPOSITION

.Diboride

Material Designation Remarks and Rationale for Specific Additives

I Zr’B2 Zirconium diboride, no additive

II HfB2 Hainium diboride, no additive

I HfB2+SiC Hafnium diboride with twenty volume per cent
silicon carbide to enhance oxidation resistance

v HfBZ+SiC Hafnium diboride with thirty volume per cent
gilicon carbide to enhance oxidation resistance

Vv ZrB2+SiC Zirconium diboride with twenty volume per cent
silicon carbide to enhance oxidation resistance

V1 HfB2+Hf- Ta Hafnium diboride with four volume per cent
hafnium tantalum alloy to provide ar oxidation
resgistant metallic binder phase and enhance
strength properties

VII H£B2+SiC Boron rich hafnium diboride with silicon car-
bide additive to enhance oxidation resistance

VI ZrBz+SiC+C Zirconium diboride with fourteen volume per
cent silicon carbide, thirty volume per cent
carbon to enhance thermal stress resistance
and maintain improved oxidation resistance
relative to ZrB2

IX HfBz+HfSi Hafnium diboride with twenty volume per cent
hafnium silicide to enhance oxidation resistance

X ZrB2+Si56 Zirconium diboride with twenty volume per cent
silicon hexaboride to enhance oxidation resistance

X1 ZrB2+Cr Zirconium diboride with eight volume per cent
chromium to enhance mechanical strength
properties

X1 ZrB2+C Zirconiurn diboride with fifty volume per cent
carbon to enhance thermal stress resistance

X1 ZrB2+W Zirconium diboride with tungsten to enhance
mechanical properties

XIiv H£B2+SiC+C Hafnium analogue of VIII

Xv H£B2+C Hafnium analogue of XII
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DIMENSIONAL AND WEIGHT CHANGE DATA OF

TABLE 4

THERMAL DIFFUSIVITY TEST SPECIMENS

Before After

Specimen

Weight, Thickness,Diameter Weight, Thickness, Diameter

_grams in. in. grams in. in.
105 R44L 1.9205 0.1005 0.4933 '1.9207 0.1005 0.4938
III{5)09F D1061! 3.0950 0.1001 0.4976 3.0911 0.1000 0.4983
IVO9F D0811K 2.5845 0.0998 0.4946 2.5765 0.1000 0.4952
VO7F DO0851K 1.5020 0.1014 0.4925 1.4844 0.1020 0.4916
VO7F D0902K 1.7481 0.1001 0.4957 1.7308 0.1008 0.4969
VIIIO7F D0975K 1.4302 0.0985 0.4926 1.4322 0.0997 0.4944
VIII(18, 10)07F 1.6234 0.0990 0.4942 1.6232 0.1002 0.4950
D0920K
XII(20)07F DO812K 1.6815 0.1006 0.4957 1.6808 0.1008 0.4956
X1V(18, 10)09F 2.6458 0.1007 0.4902 2,6402 0.1012 0.4906
D1037K
XV(20)10 D1054K 2.8489 0.1001 0.4984 2.8481 0.1007 0.4992
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TABLE 5

ENTHALPY, SPECIFIC HEAT, AND ENTROPY DATA
FOR MATERIAL I*

Temperature Enthal Specific Heat Entro
T°C HE—‘H(_)%% : Cr 's;:sg%
cal/gram cal/gram®C cal/ gram°C

1000 142,10 0.1685 0,00000
1100 159.00 0.1702 0.01278
1200 176.07 0.17i8 0.02477
1300 193.30 0.1735 0.03609
1400 210.70 0.1753 0.04681
1500 228.30 0.1772 0.05703
1600 246.11 0.1793 0.06680
1700 265.13 0.1813 0.7617

1800 282,36 0.1833 0.08518
1900 300.79 0.1853 0.09386
2000 319,42 0.1873 0.10224
*Billet I05 R44L, room temperature density = 6,14 grams/cc (100
percent dense), linear expansion data provided in Table 11,
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TABLE 6

ENTHALPY, SPECIFIC HEAT, AND ENTROFY DATA
FOR MATERIAL V©

TemEe rature
T°C

1000
1100
1200
1300
1400
1500
1600
1700
1800
1906
2000

*Billet VO07F D0902K, room temperature density = 5,52 grams/cc
(99 percent dense), linear expansion data provided in Table 11,

Enthalpy
T "0°C
cal/gram
158,24
175.46
192.91
210,59
228.48
246.59
264.91
283.44
302.19
321.15
340,30

72

Specific Heat

Cr
cal/gram®cC
0.1712
0.1734
0.1756
0.1778
0.1800
0.1822
0.1843
0.1864
0.1885
0.1906
0.1926

Entropy

S

cal

-S,0

T "0°C

/ gram °C

0. 00000
0.01303
0.02529
0.03690
0.04792
0.05843
0.6849 P

0.07813 s
0.08739 ¥

0.09632
0.10494




TABLE 7

\ ENTHALPY, SPECIFIC HEAT, AND ENTROPY DATA
FOR MATERIAL VIII(18, 10)*
|
Temperature Enthal Specific Heat Entro ,i
% o Hyog oy SrSpoe
‘i cal/gram cal/gram®C cal/gram®c n
l 1000 164, 43 0.1792 0.00000
* 1100 182. 47 0.1818 0.01364
1200 200. 75 0.1845 0.02652
1300 219.36 0.1871 0.03872
,‘ 1400 238,20 0.1897 0.05032
P 1500 257.29 0.1923 0.06141

1600 276. 65 0.1948 0.07203
| ; 1700 296.26 0.1973 0.08222
L 1800 316.12 6.1999 0.09204
o 1900 336.23 0.2023 0.10151
o 2000 356,58 0.2048 0.11067

*Billet VIII(18, 10)07F D0920K, room temperaturs density = 5, 25
grams/cc (100 percent dense), linear expansion data provided
in Table 11,
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TABLE 8

ENTHALPY, SPECIFIC HEAT, AND ENTROPY DATA
FOR MATERIAL X1(20)"

Temperature 'Y?Lthﬁa;l'ez_ Specific Heat Entro

T°C | T 0°C Cr Sr-So°c
cal/gram cal/gram®C cal/gram®cC
1000 160. 18 0.1788 0.00000
1100 178.21 0.1819 0.01363

I 1200 196, 54 0.1849 0.02651
2 1300 215,18 0.1880 0.03875
i 1400 237,13 0.1910 0.05043
1500 253, 38 0.1940 0.06160
1600 272.93 0.1970 0.07233
1700 292.77 0.1999 0.08265

1800 312.91 0.2029 0.9261
o 1900 333,35 0.2058 0.10223
L7 2000 354,07 0.2086 0.11155

*Billet XII(20)07F D0812K, room temperature density = 5. 12
grams/cc (95 percent dense), linear expansion data provided

in Table 11,
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TABLE 10

[ CALCULATED AND MEASURED SPECIFIC HEAT VALUES
| FOR DIBORIDE MATERIALS 1, V, VIII(18, 10) AND XII(20)

Specific Heat, cal/gram®C

Material Material Material Material
Temp I . v VII(18, 10) XII(20) ;
°C  Cale. Obs Calc. Obs"  Calc. Obs"  Calc. Obs f

1000 0.1709 0.1685 0.1867 0.1712 0.1964 0,1792 0.1927 0.1788
1200 0.1760 0,1718 0.1924 0.1756 0.2024 0.1845 0.1985 0.1849 i
1400 0,1814 0.1753 0.1983 10,1800 0,2084 0,1897 0,2041 0.1910 i
1600 0,1867 0,1793 0.2044 0,1843 0.2146 0,1948 0,2096 0.1970 |
1800 0.1920 10,1833 10,2103 10,1885 0.2204 0,1999 0.2149 0.2029
2000 0.1966 10,1873 0.2154 0.1926 0.2255 0.2048 0,.2195 0.2086

*Observed data for Materials I, V, VIII(18,10) and XII(20) obtained from
Billets 105 R44L, VO7F DC902K, VIII(18,10)07F D920K and XII(20)07F
DO812K, respectively.

76 {'




TABLE 11
LINEAR THERMAL EXPANSION DATA FOR
MATERIALS I, V, VIII(18, 10) AND XII(20)
Material Designation, Percent Density i
VIIK(18, 10)07F XII{20)07F
105 R44L VO7F R26L D0920 K D0812K L
Temperature 100% 99% 100% 95%
o0 Heating&Cooling Heating Cooling Heating&Cooling Heating&Cooliny
20 0.000 0,0 -0.060 0.000 0.000
100 0.042 0.040 -0.023 0.040 0.044
200 0.100 0.090 0.018 0.i00 0.110
e 300 0.163 0.145 0.095 0.162 0.175
: 400 0.227 0.203 0.158 0.227 0.242
500 0.292 0.264 0.220 0.295 0.315
f 600 C. 359 0.336 0.284 0.363 0.385
;. 700 0.428 0. 400 0.358 0.435 0.460
; 800 0.498 0.473 0.425 0.505 0.540
@
i 900 0.569 0.545 0.495 0.583 0.621
? 1000 0. 643 C.623 0.568 0.660 0.700
! 1100 0.718 0.704 0. 644 0.740 0.786
! 1200 0.794 0.786 0.724 0.818 0.873
| 1300 0.870 0.874 0.807 0.900 0.960
' 1400 0.949 0.960 0.895 0.980 , 1.052
» 1500 1.030 1,048 0.983 1.063 1.140
] 1600 1.110 1,140 1.078 1.144 1.233
',' 1700 1.193 1.228 1.177 1.232 1.323
! 1800 1.275 1,322 1.280 1.319 1.415
; 1900 1.360 1,420 1.392 1,404 1.510
2000 1.442 1.520 1.520 1.490 1.603
| 1 77




SUMMARY OF LINEAR EXPANSION DATA

TABLE 12

Average CTE (inches/inch/°C) x 10~ at TOC**
Materia.l Measur?megt o o o o
Designation Technique 400 800 1200 1600

105 R44L DV 6.25 6.25 6. 67 6.88
I07F DO700K D 7.25 7.25 7.33 7.50
VO7F R26L DV 5.00 5.94 6.33 6.88
VO7F DO706K D 7.50 7.50 7.50 7.63
VO7F D0845K D 8.00 7.63 7.83 7.88
VIII(18, 10) D0920K DV 6.25 6.29 7.29 7.19
VIIIO7F DO761K D 6.00 6.13 6.25 6.25
XI(20)07F DO812K DV 6.50 6.33 7.67 7.94
IVO9F D0804K D 7.00 7.25 7.50 7.50

*
The letters DV and D refer to direct-view and differential dilatometry
measurements, respectively.

**¥Tabulated CTE values refer to increments from room temperature to

the tabulated temperature.
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TABLE 13
SUMMARY OF DIBORIDE DENSITY DATA
Material Designation . Density, grams/cc
I0s 6.33
I0O7F 5.96
VO7F 5.56
VIII(18, 10)07F 5,26
vIao7rr 4.44
XII(Z(@)?F 5.43
1I06B ' 10,95
IIG9F 10.39
1o 10,32
o110 9,34
IVO9F 8.42
XI1v(is, 10)09F 8.67
XV(20)10 8.95
" >
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AN Billets prepared in this program are designated by a series cf

APPENDIX I
BILLET DESIGNATION SYSTEM

letters and numbers to identify the powders and their relative amounts
and the hot pressing billet. The designation system requires:

(1)

(2)

(3)

a roman numeral to identify the base composition, Table 2,

or a roman numeral followed by a parenthetically enclosed
number or set of numbers to identily a compositional varia-

tion of the base composition, Table 2.

an arabic number to identify a particular lot of the base

powder, or an arabic number followed by the letter ''F"
to indicate a fluid energy milied base powder lot,

a combination of a letter, and an arabic number or a letter,
an arabic number and a letter to identify the billet pressing.

This is illustrated in the following examples:

(a)

(b)

107F DO701K designates Material I, ZrB,; the 07 powder lot
fluid energy milled, billet pressing DO701K where the D
identifies the 75 ton Dake press and the K the billet size of
3 inch diameter by 1l inch high.

V(5)05A D0829 designates Material V, ZrB, with 20 volume
per cent SiC in the base composition but modified in this
billet to 5 volume per cent as shown by '(5)" and billet
pressing D0829 where the omission of a terminal letter
indicates a billet size of 2 inch diameter by 0.7 inch high.

The letters for pressing or furnace identification include:

a 20 ton Dake Press;

a 75 ton Dake Press:;

a 125 ton press;

hot pressed at Carborundum;
vacuum furnace for sintering;
a 400 ton Rogers Press.

The letters for billet size identification include:

3 inch diameter by 1 inch high;

5 inch diameter by 1 to 2 inch high;
6 inch diameter by 1 to 2 inch high;
5.75 inch square by i to 2 inch high;
hollow cylindrical billet.
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